Oxidative stress of the retinal pigment epithelium by reactive oxygen species and monocytic infiltration have been implicated in age-related macular degeneration. The purpose of this study was to determine the role of superoxide anions (O 2 Ϫ ) in mononuclear phagocyte-induced RPE apoptosis.
RPE cells. Activated mononuclear phagocytes induced more of these oxidative and apoptotic changes in RPE cells than did unstimulated mononuclear phagocytes. CONCLUSIONS. The authors have shown that the decreased expression of SOD2 and increased superoxide production correlate with RPE apoptosis induced by unstimulated and activated mononuclear phagocytes. The authors suggest that elevated O 2 Ϫ levels due to genetic abnormalities of SOD2 or immunologic activation of mononuclear phagocytes lead to greater levels of RPE apoptosis. The present study could serve as a useful model to characterize RPE/phagocyte interaction in AMD and other retinal diseases. (Invest Ophthalmol Vis Sci. 2009;50:4998 -5005) DOI:10.1167/iovs.09-3620 O xidative stress from reactive oxygen species (ROS) is considered to be one of the major factors involved in the apoptotic retinal pigment epithelial (RPE) death that underlies age-related macular degeneration (AMD). [1] [2] [3] In addition, lowgrade inflammation is recognized to play a role in the pathogenesis of AMD. 4 -13 The inflammatory response in AMD lesions is characterized by an infiltration of the blood-retina barrier, including the RPE layer by leukocytes, mainly mononuclear phagocytes and lymphocytes. 8,12,14 -16 The retinal pigment epithelium, which forms the outer blood-retina barrier, separates the neural retina from its choroidal blood supply and maintains a physiological environment for photoreceptor function. The retinal pigment epithelium is considered a primary target in the development of AMD. 2, 10, [17] [18] [19] [20] [21] [22] [23] [24] Although breakdown of the RPE barrier and monocytic infiltration are hallmarks of AMD, RPE-mononuclear phagocyte interactions remain poorly understood.
Activated mononuclear phagocytes have the capacity to direct apoptosis of various kinds of cells. [25] [26] [27] [28] [29] [30] [31] [32] [33] Although oxidative stress from ROS has been studied in RPE cells in vitro and oxidative damage has been associated with AMD, little is known about the mechanisms for the development of the disease. We previously exposed cultured human RPE cells to a natural stimulus-monocyte binding-and found that direct interactions between cultured human RPE cells and interferon (IFN)-␥-activated monocytes promote RPE cell apoptosis and induce ROS within human RPE cells. 33 However, the apoptotic mechanisms by which mononuclear phagocytes influence RPE cell death have not been described.
The major endogenous source of ROS is mitochondria. 2, 34, 35 Under normal aerobic conditions, between 0.4% and 4% of molecular oxygen is converted to superoxide anions (O 2 Ϫ ). 36 Superoxide dismutase 2 (SOD2) is localized in the mitochondrial matrix and catalyzes the conversion of O 2 Ϫ and water to hydrogen peroxide (H 2 O 2 ), which is the first step in metabolic defense against cellular oxidative stress. 37 Several studies showed that the deficiency of SOD2 has been implicated in apoptotic cell death. 20,38 -46 The homozygous SOD2-knockout mutants survive for only 3 to 18 days. 20, 42, 43 In heterozygous SOD2-knockout (Sod2 ϩ/Ϫ ) mice, SOD2 protein expression in RPE cells was roughly half that of the wild-type (WT) levels, and SOD2 activity was 60% lower than that of WT controls. 20, 38 This Sod2 ϩ/Ϫ model is comparable to decreased antioxidant status during aging and may provide insight into the mechanisms of AMD. Indeed, previous studies showed that the RPE cells derived from Sod2 ϩ/Ϫ mice were more susceptible to H 2 O 2 -induced cell death than were those derived from WT controls. 20, 38 To our knowledge, the role of SOD2 in the regulation of RPE apoptosis induced by mononuclear phagocytes has not been evaluated. In this study, we investigated the protective role of SOD2 in mononuclear phagocyte-induced oxidative stress and apoptosis by comparing RPE cells derived from WT with Sod2 ϩ/Ϫ mice. 
METHODS Materials

Mice
Sod2 ϩ/Ϫ mice were obtained from the Jackson Laboratory (Bar Harbor, ME; stock no. 002973, strain B6.129S7-Sod2 tm1Leb ) and were fed standard laboratory chow and water ad libitum. To minimize genetic variations, Sod2 ϩ/Ϫ and WT mice were initially derived from breeding two heterozygous knockout mice. Polymerase chain reaction analysis was used for genotyping the offspring, as described previously. 20, 45 Three-to 8-month-old C57BL/6 mice were purchased from the Jackson Laboratory and were used for preparation of bone marrow-derived mononuclear phagocytes (BMDM). All animals used were maintained and treated in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
RPE Cell Culture
Mouse RPE cells were isolated from eyes obtained from 1-year-old WT and Sod2 ϩ/Ϫ mice. 20 Kasahara et al. 20 found that mouse RPE cells from 1-year-old Sod2 ϩ/Ϫ mice were more susceptible to H 2 O 2 -induced apoptosis than controls. The rationale for using 1-year-old Sod2 ϩ/Ϫ mice was that RPE cells isolated from these mice are susceptible to oxidative stress and can grow in cell cultures. RPE cells isolated from Sod2 ϩ/Ϫ mice older than 1-year-old are too fragile, and it is difficult for them to survive in cell cultures because of cumulative oxidative injury. Purity of the cells was verified by immunostaining with antibody to RPE65, a specific marker for RPE, and the SOD2 level was determined by Western blot analysis. 20 These cells were cultured in Dulbecco modified essential medium (DMEM)/F12 with 15% fetal bovine serum (FBS) at 37°C in a 5% CO 2 environment. RPE cells isolated from at least three pairs of WT and Sod2 ϩ/Ϫ mice were used for each experiment. RPE cells at passages 2 to 6 were plated on 96-well plates at a density of 5 ϫ 10 3 cells/well, 8-well chamber slides at a density of 1 ϫ 10 4 cells/well, and 22 ϫ 22-mm glass coverslips in 35-mm culture dishes at a density of 2.5 ϫ 10 4 cells/coverslip. The RPE cells were grown in phenol red-free DMEM/F12 with 15% fetal bovine serum to 70% to 90% confluence until use.
Preparation of BMDM
Bone marrow was isolated from femurs and tibias of C57BL/6 mice. After bone marrow was collected, the tissue was suspended and passed through a 70-m cell strainer. BMDM were matured for 7 days at 37°C in Roswell Park Memorial Institute (RPMI) 1640 medium with 10% FBS, 10% horse serum, and 20% L-conditioned medium derived from the cell line L929, as described. 26, 27 Matured BMDM were verified by immunostaining with antibody to F4/80, a specific marker for M.
RPE Coculture with BMDM
RPE cells were prelabeled with CMFDA (CellTracker Green; Molecular Probes), 33 and BMDM were added to cultured RPE cells in a 2:1 ratio. 
Mitochondrial Membrane Potential Measurement
JC-1 dye was used to monitor ⌬ m as previously described. 50 In the undamaged mitochondria, the aggregated dye appears as red fluorescence, whereas in the apoptotic cell with altered ⌬ m , the dye remains as monomers in the cytoplasm with diffuse green fluorescence. The red/green fluorescence ratio is dependent on ⌬ m . RPE cells were loaded with JC-1 for 1 hour, washed, and exposed to different treatments. Fluorescence intensity was measured with a scanning fluorometer (FlexStation; Molecular Devices). For green fluorescence measurements, excitation and emission wavelengths were set to 485 nm and 530 nm, respectively; for red fluorescence measurements, excitation and emission wavelengths were set to 520 nm and 610 nm, respectively.
Hoechst Fluorescence Staining in Living Cells
After challenge, cells were washed with HBSS/HEPES and then stained with the membrane-permeable and nuclear-specific fluorescent dye Hoechst 33342 (5 g/mL in HBSS/HEPES) for 10 minutes in the dark at room temperature. After two HBSS/HEPES washes (1 minute each), the coverslips were mounted on microscope slides with HBSS/HEPES and immediately viewed in an epifluorescence microscope (model E800; Nikon, Melville, NY) using an ultraviolet filter set. Digital images were collected with a cooled, CCD camera and the allied software (ACT; Nikon). The stained RPE cells that exhibited nuclear condensation and fragmentation were scored as apoptotic.
In Situ Staining of Activated Caspases in Living Cells
After treatments, cells were stained for 1 hour with FITC-VAD-fmk, according to the manufacturer's protocol, and then washed to remove unbound dye. Images were viewed and collected as described with an FITC filter set.
Staining of Active Caspase-3 in Living Cells
Activated caspase-3 was measured by caspase-3 substrate (NucView 488; Biotium, Inc.), a cell membrane-permeable dye consisting of a fluorogenic DNA dye and a DEVD substrate moiety specific for caspase-3 according to procedures outlined in the manufacturer's instructions. The fluorescence intensity of activated caspase-3 was measured by ImageJ software (developed by Wayne Rasband, National Institutes of Health, Bethesda, MD; available at http://rsb.info.nih.gov/ ij/index.html). 
Statistical Analysis
Data were expressed as mean Ϯ SE and evaluated by Student's unpaired t-test or one-way analysis of variance followed by a NewmanKeul's post hoc test. P Ͻ 0.05 was considered statistically significant. To investigate whether mononuclear phagocytes could induce mouse RPE apoptosis, WT RPE cells were exposed to mononuclear phagocytes or IFN-␥-activated mononuclear phagocytes, then evaluated using both Hoechst staining and TUNEL analysis of DNA fragmentation. RPE apoptosis induced by mononuclear phagocytes or activated mononuclear phagocytes was confirmed by TUNEL staining (Fig. 3) . In WT mice, RPE cells exposed to mononuclear phagocytes (Fig. 3A) and IFN-␥-activated mononuclear phagocytes (Fig. 3B) showed 0.8% and 3.8% TUNEL-positive cells (Fig. 3E) , respectively. However, in Sod2 ϩ/Ϫ mice, significantly higher numbers of TUNEL-positive cells were observed after mononuclear phagocytes (Fig. 3C) or IFN-␥-activated mononuclear phagocytes (Fig. 3D) were cocultured with RPE cells to induce apoptosis (14.8% vs. 30.2%; Fig. 3E ; both P Ͻ 0.001). Furthermore, cocultures of RPE with IFN-␥-activated mononuclear phagocytes caused a significant increase in TUNEL-positive RPE cells compared with RPE cells cocultured Figure 4 , mononuclear phagocytes and IFN-␥-activated mononuclear phagocytes significantly increased O 2 Ϫ production in WT RPE cells to 144.5% and 189.7%, respectively (both P Ͻ 0.001), in comparison with controls. Mononuclear phagocytes and IFN-␥-activated mononuclear phagocytes also significantly increased O 2 Ϫ production in Sod2 ϩ/Ϫ RPE cells to 187.9% and 222.8%, respectively (both P Ͻ 0.001). Basal O 2 Ϫ levels were significantly higher in RPE cells from Sod2 ϩ/Ϫ mice than those from WT mice (Fig.  1) . In both WT and Sod2 ϩ/Ϫ RPE cells, the increase in the extent of O 2 Ϫ production was significantly higher in RPE cells exposed to IFN-␥-activated mononuclear phagocytes than those exposed to unstimulated mononuclear phagocytes. IFN-␥ alone did not significantly increase O 2 Ϫ production by the RPE cells from both WT and Sod2 ϩ/Ϫ mice (Fig. 4) .
RESULTS
Levels of O 2
Mononuclear Phagocyte-Induced Loss of ⌬ m Enhanced in RPE Cells Derived from
Changes in ⌬ m are often associated with an early stage of apoptosis. 20,54 -56 To establish whether O 2 Ϫ production induced by IFN-␥-activated mononuclear phagocytes is coincident with changes in ⌬ m during apoptosis, ⌬ m was measured with the JC-1 probe. The ratio of red-to-green JC-1 fluorescence is dependent on the ⌬ m . 50 As shown in Figure 5 , the ratio of red-to-green JC-1 fluorescence was plotted against time in WT and Sod2 ϩ/Ϫ RPE cells exposed to IFN-␥-activated mononuclear phagocytes. For WT RPE cells, the fluorescence ratio started to decline after a 4-hour exposure to IFN-␥-activated mononuclear phagocytes. However, in Sod2 ϩ/Ϫ RPE cells, the decline was first noted after 2 hours of incubation with IFN-␥-activated mononuclear phagocytes, although it was not statistically significant. The ratios measured at 16 hours for Sod2 ϩ/Ϫ RPE cells exposed to IFN-␥-activated mononuclear phagocytes (0.62 Ϯ 0.02) were significantly lower than those (0.76 Ϯ 0.02) measured for WT RPE cells exposed to IFN-␥-activated mononuclear phagocytes (P Ͻ 0.01). Thus, SOD2 deficiency results in a greater loss of the ⌬ m in the presence of activated mononuclear phagocytes. The decreases in mitochondrial membrane potential are not significantly different between WT and Sod2 ϩ/Ϫ RPE cells until 16 hours, suggesting that both mitochondria-dependent and mitochondria-independent pathways may be operating in RPE apoptosis induced by mononuclear phagocytes.
Mononuclear Phagocyte-Induced Activation of Caspases Increased in RPE Cells Derived from
Caspase activation has been implicated in RPE apoptosis in response to various stimuli. 2, 33, 38 Therefore, we first qualitatively examined whether caspases are activated in WT and Sod2 ϩ/Ϫ RPE cells exposed to unstimulated mononuclear phagocytes or activated mononuclear phagocytes. As seen in Figure 6A , there was a marked increase in activated caspases in RPE cells overlaid with unstimulated mononuclear phagocytes (Figs. 6Ab, 6Ae ) or activated mononuclear phagocytes (Figs. 6Ac, 6Af) compared with control RPE cells (Figs. 6Aa, 6Ad ) from WT and Sod2 ϩ/Ϫ mice. Moreover, Sod2 ϩ/Ϫ RPE cells (Figs. 6Ad-Af) exhibited more caspase activation than WT RPE cells (Figs. 6Aa-Ac) . These data indicate that caspases are activated during RPE apoptosis that is induced by mononuclear phagocytes or activated mononuclear phagocytes and that SOD2 deficiency is associated with higher levels of caspase activation in RPE cells. Caspase activation was confirmed by a second assay in which activated caspase-3 was measured by caspase-3 substrate (NucView 488; Biotium, Inc.), a cell membrane-permeable dye consisting of a fluorogenic DNA dye and a DEVD substrate moiety specific for caspase-3. The noncleaved substrate, which is both nonfluorescent and nonfunctional as a DNA dye, rapidly crosses the cell membrane to enter the cell cytoplasm, where it is cleaved by activated caspase-3 to release a high-affinity DNA dye that migrates to the cell nucleus and binds to DNA, staining the nucleus green. Thus, the substrate is bifunctional and is able to detect intracellular caspase-3 activity and to stain the cell nucleus at the same time. By using this assay, we detected significantly higher fluorescence intensity of activated caspase-3 in Sod2 ϩ/Ϫ RPE cells exposed to activated mononuclear phagocytes (Figs. 6B, 6C ; P Ͻ 0.01).
DISCUSSION
Mononuclear phagocyte-induced RPE apoptosis is likely to be involved in human diseases such as AMD, which is the leading cause of blindness among people older than 60 in the developed world. We used a Sod2 ϩ/Ϫ mouse model to dissect the role of ROS in RPE apoptosis induced by mononuclear phagocytes. Mononuclear phagocyte-induced RPE apoptosis was dramatically increased in RPE cells with reduced SOD2 expression. Mononuclear phagocyte-induced RPE apoptosis involved enhanced intracellular O 2 Ϫ generation, loss of ⌬ m , and caspase activation, all which were enhanced when mononuclear phagocytes were activated with IFN-␥.
There is emerging evidence that macrophages play an active role in promoting apoptosis. 57 Lang and Bishop 30 first discovered that macrophage ablation permitted persistence of viable cells in mouse ocular vessel networks that failed to undergo normal processes of regression. Their seminal work has received support in a number of systems from Caenorhabditis elegans to human cells. 25-29,33,58 -64 Previously we showed that activated, but not unstimulated, monocytes, isolated from human peripheral blood, induced human RPE apoptosis by using a human RPE culture model. 33 By using a mouse RPE culture model, we now showed that unstimulated mononuclear phagocytes and activated mononuclear phagocytes induce mouse RPE apoptosis that is comparable with these previous studies and supports the concept that mononuclear phagocytes may play an active role in cell death. 30 Mechanisms of mononuclear phagocyte-induced cell death have been described in vitro and in vivo. In the developing chick retina, Frade and Barde 65 demonstrated that macrophage-derived nerve growth factor (NGF) triggered retinal cell death. Addition of NGF-coated glass beads, but not soluble NGF, caused cell death in the neural retina, suggesting that NGF may have to be presented locally or bound to the cell surface to result in cell death. 65 Tumor necrosis factor-␣ or Fas ligand was shown to trigger the death of developing neurons but not to trigger the death of Purkinje cells. The death of Purkinje cells was reported to be promoted by O 2 Ϫ .
-68
Macrophage-derived tumor necrosis factor may also play a major role in directing apoptosis of glomerular mesangial cells.
59
ROS are known to induce RPE cell apoptosis and have been implicated in the development of AMD. 2, 69, 70 Moreover, intracellular ROS generation is considered to be more important to apoptosis induction than extracellular ROS. 51, 52 ROS are generated by different sources. The main sources of intracellular ROS generation are the mitochondrial electron transport chain, microsomal electron transport chains, and plasma membranebound and intracellular compartmental NAD(P)H oxidases. 2, 47, 71, 72 In RPE cells, ROS are usually reduced by endogenous RPE antioxidants and antioxidant enzymes including SOD, catalase, and glutathione peroxidase.
2 SOD catalyzes the dismutation of O 2 Ϫ to H 2 O 2 , protecting against O 2 Ϫ . There are three different isoforms of SOD-SOD1, SOD2, and SOD3-which are localized in the cytoplasm, mitochondria, and extracellular space, respectively. 73,74 H 2 O 2 can be removed by catalase and glutathione peroxidase. However, during aging and pathologic conditions, RPE defenses decrease, disturbing the balance between the generation and elimination of ROS, resulting in oxidative damage. 2, 75 SOD2 is an important enzyme in maintaining mitochondrial function in the presence of oxidative stress. 35 Studies of partial SOD2 deficiency have shown that increased oxidative damage is correlated with altered mitochondrial function and that chronic mitochondrial oxidative stress in Sod2 ϩ/Ϫ mice results in the age-related decline of mitochondrial function and induction of premature apoptosis in the liver. 41, 46 In the brain, oxidative stress may exacerbate infarction by generating excessive O 2 Ϫ in the mitochondrial compartment in Sod2 ϩ/Ϫ mice. 76, 77 In mouse RPE cells, previous studies demonstrated the critical role of SOD2 in protecting RPE cells in vitro against H 2 O 2 -induced apoptosis. 20, 38 This protective effect was directly related to the cellular expression level of the enzyme. 20 However, mouse RPE cells with increased SOD2 expression showed increased oxidative damage induced by activated mononuclear phagocyte (data not shown), consistent with the findings of Lu et al., 78 who found that increased levels of SOD2 in transfected human RPE cells increased constitutive oxidative damage. Using an independent approach, Justilien et al. 79 reported the use of ribozyme-mediated partial knockdown of SOD2 mRNA to induce oxidative damage in the RPE of WT mice as a possible animal model of early dry AMD.
By partial knockout of SOD2, in this study, we demonstrated that mononuclear phagocytes induced RPE apoptosis via intracellular O 2 Ϫ because mononuclear phagocytes induced O 2 Ϫ generation within 1 hour of coculture, before the initiation of RPE apoptosis. Furthermore, mononuclear phagocytes induced the activation of caspases, including caspase-3, loss of ⌬ m , and apoptosis, that were all significantly enhanced in the RPE cells derived from Sod2 ϩ/Ϫ mice. Taken together, these data suggest reduced SOD2 levels are critical to these changes. These changes in the RPE cells are also dependent on the activation state of mononuclear phagocytes because activated mononuclear phagocytes induced more of these oxidative and apoptotic changes in RPE cells compared with unstimulated mononuclear phagocytes. We also noted a positive correlation between intracellular O 2 Ϫ levels and apoptosis in mouse RPE cells. The extent of apoptosis is related to the level of intracellular O 2 Ϫ production (Figs. 3, 4) . In the present study, we used RPE cells isolated from 1-year-old mice. Decreased SOD2 in Sod2 ϩ/Ϫ mice would likely cause cumulative oxidative injury in these cells and render them more susceptible to apoptosis. 41, 46 The aforementioned studies and those described in the present study clearly indicate the importance of SOD2 in the RPE in protection against mitochondrial oxidative stress.
Inflammatory macrophages are a heterogeneous group of cells with diverse functions. 60 They can exist in the same tissue and play critical roles in both the injury and recovery phases of inflammatory scarring. 61 Coculturing fibroblasts and myofibroblasts with macrophages results in either deposition of matrix components or lytic degradation of matrix, depending on the activation state of the macrophage. 62, 80, 81 The effects of aging on ocular tissues have not been explored in Sod2 ϩ/Ϫ mice and remain to be investigated. Principal risk factors for AMD are age, race, smoking, and hypertension. A key element in AMD pathogenesis is dysfunction and apoptotic loss of RPE cells. Thus, it is possible that infiltration of lymphocytes and mononuclear phagocytes may occur in the retina of Sod2 ϩ/Ϫ mice during aging, leading to RPE apoptosis, as macrophage trafficking in mouse eyes has been shown to increase with aging. 4 Therefore, the present study could serve as a useful model to characterize RPE/mononuclear phagocyte interaction in AMD and other retinal diseases. This model directly links RPE apoptosis that underlies AMD with the known risk factors for AMD.
